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SURFACE MODIFICATION OF ELECTRICAL CONTACTS BY COLD GAS 
DYNAMIC SPRAYING PROCESS 
SUMMARY 
Electrical contacts should have necessary properties to meet requirements of working 
conditions. Electrical and thermal conductivity are in the lead of these properties 
since the inhibition of heat generation because of the electrical resistivity and 
dissipate the heat rapidly generated by electrical resistivity. In that respect, copper is 
an alternative material to use as an electrical contact. It is the best electrical and 
thermal conductor after silver but due to the inadequate mechanical properties of 
copper surface of copper eroded and abraded as a result of arc generation and relative 
movement occurring during working. Therefore, mechanical properties of copper 
should be improved to extend the working time and reduce the working cost arising 
from repairing of copper. In order to solve this problem, different methods such as 
material strengthening and surface modification techniques could be used.  
In this study, cold gas dynamic spraying process used to improve the surface 
properties of high purity copper substrate used as an electrical contact. In that 
respect, pure copper and silicon carbide reinforced copper matrix composite coating 
produced with this technique and various tests performed with these coatings. 
Microstructural examinations carry out with optical and scanning electron 
microscope and mechanical properties determined by the hardness measurements and 
wear test, also corrosion test and electrical conductivity measurements performed 
with these coatings. At the end to investigate the effect of heat treatment to these 
properties, heat treatments at 300 and 600
o
C applied to coatings. 
Coatings produced with the feedstock of 100 % Cu, 12.5vol. % SiC+87.5 vol. % Cu 
and 25 vol. % SiC+75 vol. % Cu. During production of coatings compressed air with 
bar of 6 used as a process gas, powder feeding rate of 2 from the equipment setting 
scale of 8 was used, standoff distance of 10 mm, number of pass of 2, beam distance 
of 2 and 1  mm and traverse speed of 2.5 and 5 mm/s were used for composite and 
pure copper coatings, respectively.  
390, 490 and 530 µm coating thicknesses, determined by the optical microscope 
examinations were obtained for the pure, lower silicon carbide and higher silicon 
carbide coatings, respectively. By the examination of scanning electron microscope, 
good attachment of coatings to substrate and well distribution of silicon carbide in 
the coatings were observed. Ceramic content in the coating determined by the image 
analizer was attached to the optical microscope and 4.10 % SiC in the coating 
produced with 12.5 vol. % SiC feedstock and 6.02 % SiC in the coating produced 
with 25 vol. % SiC feedstock were detected.  
Different phases in the coatings was analysed with X-ray diffraction analysis. Silicon 
carbide particles in the composite coatings was determined only for 6.02 % 
SiC+93.98 % Cu coating but it could not be determined for 4.10 % SiC+95.90 % Cu 
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coating because of very low percentage of silicon carbide in this coating. Any 
intermetallic phases and phase transformation products were not detected on the 
XRD patterns of the coatings. Peak broadening occurred by the reason of plastic 
deformation but after the heat treatment, Full-Width Half-Maximum (FWHM) values 
of coatings reduced to original values.  
Hardness measurements performed with the weight of 25 gr. and dwelling time 10 
sec.. As coated state there was no significant difference obtained for coatings 
containing SiC and pure copper. The hardness of the coatings were nearly equal to 
the 198HV0.025 and this value approximately twice of substrate hardness, but after 
heat treatment at 600
o
C, hardness of coatings decreased to the substrate hardness 
(106 HV0.025).  
Electrical conductivities of coatings were measured with apparatus work with the 
principle of eddy current. Conductivity of coating as coated state was about 30 MS/m 
for all coatings. Conductivities of coatings increased with heat treatment and the 
highest value of 43 MS/m was obtained for pure copper coating but their values were 
below the substrate conductivity (55 MS/m).  
Reciprocating wear tests were carried out with the load of 4N. Steel ball with 6mm in 
diameter was used as a counter body with the sliding speed of 10 mm/s and tests 
were performed along a sliding length of 50 m and wear track length of 5 mm. 
According to the tests results silicon carbide addition to copper matrix inversely 
affected the coatings performance. The lowest wear rates obtained for pure copper 
coatings and the composite coating with higher silicon carbide content show the 
highest wear rates for all the cases. Heat treatments generally reduced the wear rates 
of coatings. The wear rate of substrate was determined as lower than composite 
coating which contained higher (6.02 %) SiC but its rate was higher than pure copper 
coatings and composite coatings which contained lower (4.10 %) SiC for all the 
cases.  
Corrosion perfoemance of coatings was determined by the potetiodynamic 
polarisation curves obtained by the electrochemical test performed in the 3.5 % NaCl 
solution. Test was done between the potential of OCP-0.8 and OCP+1.2 with the 
scan rate of 1 mV/s. according to the tests results, all coatings show the similar 
results and their performance is lower than the copper substrate and at the passivation 
region current density of coatings determined higher than substrate value. Also, at 
the passivation region current density of untreated specimens was lower than heat 
treated specimens. This condition was describe by the changing of grain boundary 
number as a result of heat treatment. 
According to the results obtained from wear tests and electrical conductivity 
measurements, pure copper coating and composite coating contains lower (4.10 %) 
SiC can be used to improve the surface properties of copper. 
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ELEKTRĠK KONTAK MALZEMELERĠNĠN YÜZEY ÖZELLĠKLERĠNĠN 
SOĞUK GAZ DĠNAMĠK PÜSKÜRTME TEKNĠĞĠ ĠLE GELĠġTĠRĠLMESĠ 
ÖZET 
Elektrik kontak malzemeleri basit olarak elektrik devrelerini herhangi bir hasara 
sebep olmadan birbirlerine bağlayan veya birbirinden ayıran metal esaslı 
elektromekanik parçalar olarak tanımlanmaktadır. Ġdeal elektrik kontak malzemeleri 
üzerinden geçen akıma mümkün olduğunca az direnç göstererek ısı oluĢumunu en 
aza indirgemeli ve dirençten oluĢan ısıyı hızla dağıtabilmelidir. Bu nedenler ile ideal 
kontak malzemesi yüksek elektrik ve ısıl iletkenlik değerlerine sahip olmalıdır. 
Ekonomik nedenlerden ötürü elektrik kontak malzemesi olarak gümüĢten sonra en 
iyi ikinci yüksek elektrik iletkenliğine sahip bakır esaslı malzemeler tercih 
edilmektedir. Ancak bakır esaslı malzemeler sahip oldukları düĢük sertlik değerleri 
nedeniyle göreceli hareket durumunda düĢük aĢınma direnci göstermektedirler. 
Birçok mühendislik uygulamalarında olduğu gibi elektrik kontak uygulamalarında da 
titreĢim ve sıcaklık değiĢiminden ötürü yüzey hasarı oluĢmaktadır. Yüzeyde oluĢan 
hasar sistemin güvenilirliğini etkilediği için önemlidir ve hasarın ileri seviyelere 
ulaĢması çalıĢmanın durmasına da sebep olabilmektedir. Aynı zamanda bu hasar 
bakır esaslı elektrik kontak malzemelerinin bakım masraflarının artmasına da neden 
olmaktadır.  
Daha uzun ömürlü bir çalıĢma süresi için bakırın özelliklerinin geliĢtirilmesine olan 
ilgi artmaktadır. Bakırın zayıf aĢınma özelliğinin geliĢtirilebilmesi amacı ile 
malzeme sertleĢtirme veya yüzey özelliklerini geliĢtirme tekniklerinden 
faydalanılmaktadır. Bakır üzerinde yapılan alaĢımlandırma ve çökelme sertleĢmesi 
gibi kütlesel sertlik arttırma iĢlemlerinin elektrik iletkenliği üzerindeki olumsuz 
etkileri bilinmektedir. Bunun yanı sıra yaĢlandırılmıĢ bakırın uygulama sırasında 
500
oC üzerinde kullanılması çöken fazların büyümesi probleminden dolayı yetersiz 
mukavemet göstermesine neden olmaktadır. Bu noktada bakır esaslı elektrik kontak 
malzemelerinin yüzey özelliklerinin geliĢtirilmesi önem taĢımaktadır. Bu bağlamda 
bakır yüzeyinin ileri yüzey modifikasyon teknikleri ile geliĢtirilmesi çalıĢmalarına 
olan ilgi artmıĢtır. Bakırın yüzey özelliklerini geliĢtirmek amacı ile kullanılan 
tekniklere fiziksel ile kimyasal buhar biriktirme, termal püskürtme, kutu 
sementasyon, iyon yerleĢtirme ve lazer kaplama örnek verilebilir. Bakır yüzeyi 
genellikle altın ve paladyum gibi soy metaller ile kaplanmıĢtır. Bu kaplamalar genel 
olarak korozyon özelliklerini geliĢtirmiĢtir, ancak aĢınma davranıĢı üzerinde ciddi bir 
geliĢmeye neden olmamıĢlardır. Diğer taraftan bakır matris içerisine sert seramik 
fazlarının ilave edilmesi ile yapılan kaplamalar sertliğin ve aĢınma direncinin 
geliĢtirilmesinde uygun bir yöntemdir. Böylelikle sertlik ve aĢınma direnci geliĢirken 
yüksek elektrik iletkenliği korunmuĢ olmaktadır. Bu tür kaplamalar termal 
püskürtme tekniği ile yapılabilmektedir. Termal püskürtme tekniklerinde metal 
matrisli kompozit kaplama iĢlemi genellikle içerisinde takviye elemanı olarak 
seramik partiküllerin bulunduğu metal tozlarının altlık yüzeyine püskürtülmesi 
suretiyle yapılmaktadır. Ticari termal püskürtme yöntemleri ile yapılan kaplama 
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sırasında metal matrisin ergimesi nedeniyle seramik partiküllerin homojen dağılımı 
güçleĢmekte olup, düĢük poroziteli, altlığa iyi yapıĢmıĢ kaplama elde etmek oldukça 
zordur. Bu zorluk takviye elemanı olarak karbürlerin kullanıldığı uygulamalarda 
daha da artmaktadır. Aynı zamanda termal püskürtmede kaplamayı oksitlenmeden 
korumak oldukça zordur.   
Metal matrisli seramik takviyeli kompozit kaplamalar yeni bir teknoloji olan soğuk 
gaz dinamik püskürtme tekniği ile de gerçekleĢtirilebilmektedir. Bu teknik termal 
püskürtme yöntemlerinde ortaya çıkan kaplamadaki boĢluklar, oksitlenme ve düĢük 
yapıĢma mukavemeti gibi problemlerin çözülmesi amacı ile geliĢtirilmiĢ bir tekniktir. 
Soğuk gaz dinamik püskürtme yöntemi ilk kez 1980’li yılların ortalarında Rusya’da 
Profesör Anatolii Papyrin ve meslektaĢları tarafında geliĢtirilmiĢ olup metal, seramik 
ve polimer esaslı mühendislik malzemelerinin yüzeylerine yüksek hızda ve düĢük 
sıcaklıklarda toz püskürterek yapılan bir kaplama yöntemidir. Katı haldeki tozların 
ergime olmaksızın malzeme yüzeyinde biriktirme iĢlemi olan soğuk gaz dinamik 
püskürtme tekniğinde küçük partikül boyutundaki (genellikle <50μm) tozlar 
sıkıĢtırılmıĢ gaz ile sağlanan yüksek hıza sahip gaz akımına beslenir ve ses üstü 
hızlara ulaĢtırılır. Soğuk gaz dinamik püskürtme tekniğinde yüksek hızda (300-1200 
m/s) gaz akıĢı basınçlı gazın Laval (daralan-geniĢleyen) tipi nozül içerisinden 
geçirilmesi ile sağlanır. BaĢlangıçta ayrı bir gaz akımı ile taĢınan tozlar nozüle 
beslenir. Nozüle beslenen tozlar nozüldeki ana gaz akımı ile hızlanır ve nozülü terk 
ettikten sonra altlık yüzeyine çarpar. Ses üstü hıza (300-1200 m/s) ulaĢtırılan toz 
partiküllerin altlık üzerine çarpması sonucu plastik deformasyona uğrayarak altlık 
yüzeyine yapıĢması sağlanır. Kaplama süresince tozlar altlık yerine yüzeye yapıĢan 
malzeme (kaplama) ile bağ oluĢturmaya devam eder. Sonuç olarak altlık 
malzemesine iyi yapıĢan, homojen ve düĢük poroziteli istenen kalınlıkta kaplama 
elde edilir. Yeni bir teknoloji olması nedeniyle günümüzde bu alandaki faaliyetler, 
akademik ve endüstriyel kuruluĢlarca halen araĢtırma geliĢtirme kapsamında 
yürütülmektedir. Diğer püskürtme yöntemlerinden (örneğin, termal püskürtme 
yöntemleri) en önemli farkı tozların ergime olmaksızın yüzeye püskürtülebilmesidir.  
Bu tez kapsamında soğuk gaz dinamik püskürtme tekniği ile elektrik kontak 
malzemesi olarak kullanılan yüksek saflıktaki bakır altlık yüzeyinin saf bakır ve 
bakır matrisli silisyum karbür takviyeli kompozit toz karıĢımları ile kaplanması 
amaçlanmıĢtır. Kaplama sayesinde bakırın yüzey özellikleri geliĢtirilirken yüksek 
elektrik iletkenliğini korumak ve böylelikle bakır esaslı kontak malzemelerinin 
kullanım ömürlerinin uzatılması ve bakım masraflarının azaltılması hedeflenmiĢtir.  
Deneysel çalıĢmalarda % 100 bakır tozları ve bakır matris içerisine değiĢik oranlarda 
(hacimce % 12,5 ve % 25) silisyum karbür ilave edilerek yüksek saflığa sahip bakır 
altlık yüzeyine kaplanmıĢtır. Kaplama iĢlemlerinden sonra kaplamaların 
karakterizasyonu, mikroyapı incelemeleri, X-ıĢınları difraksiyonu analizi, sertlik 
ölçümleri, elektrik iletkenliği ölçümleri, aĢınma testleri ve korozyon testleri ile 
gerçekleĢtirilmiĢtir. Son olarak ısıl iĢlemin kaplama özelliklerine etkisini incelemek 
amacı ile 300 ve 600oC olmak üzere iki ayrı sıcaklıkta ısıl iĢlem uygulanmıĢtır. 
Kaplamalar için 10 mikrometre toz boyutuna sahip küresel bakır tozları ile 44 
mikrometrenin altında toz boyutuna sahip köĢeli silisyum karbür tozları 
kullanılmıĢtır. Kaplama iĢlemleri sırasında proses parametreleri olarak 6 bar nozül 
giriĢ basıncına sahip hava kullanılmıĢ olup, nozül ile altlık arasındaki mesafe 10 mm 
olarak ayarlanmıĢtır. Toz besleme hızı olarak tabanca üzerinde bulunan 8 kademeli 
toz besleme hızlarından 2 kullanılmıĢtır. Kaplama iĢlemi sırasında kaplama hızı 
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olarak 2.5 mm/s kompozit kaplamlar için, 5 mm/s ise saf bakır kaplamalar için 
belirlenmiĢtir. Paso sayısı olarak bütün kaplamlar için 2 paso ve paso geçiĢ aralığı 
olarak ise 2 mm kompozit kaplamalar için, 1 mm ise saf bakır kaplamalar için 
kullanılmıĢtır. 
Mikroyapı incelemeleri optik mikroskop ve taramalı elektron mikroskobu 
kullanılarak gerçekleĢtirilmiĢ olup optik mikroskoba ait program ile kaplama 
kalınlıkları belirlenmiĢ ve kompozit kaplamların içerisindeki seramik yüzdeleri de bir 
görüntü analiz programı yardımı ile optik mikroskop görüntüleri incelenerek 
hesaplanmıĢtır.  Sonuç olarak, saf bakır kaplamalar için 390 mikrometre kaplama 
kalınlığı, hacimce % 12,5 SiC içeren toz karıĢımı ile 490 mikrometre ve hacimce % 
25 SiC içeren kaplamalar için ise 530 mikrometre kaplama kalınlığı elde edildiği 
belirlenmiĢtir. Kompozit kaplamalar içerisindeki silisyum karbür miktarları ise 
hacimce % 12,5 silisyum karbür içeren toz karıĢımı için % 4,10 ve hacimce % 25 
silisyum karbür içeren toz karıĢımı için ise % 6,02 olarak belirlenmiĢtir. 
Kaplama içerisindeki fazların tespiti için X-ıĢınları difraksiyonu tekniği 
kullanılmıĢtır. Taramalar 20o-100o arasında 2o/dak. tarama hızı ile 
gerçekleĢtirilmiĢtir. Sonuç olarak, kaplamalardaki silisyum karbür varlığı % 6.02 
oranında silisyum karbür içeren kaplamada tespit edilirken, % 4.10 oranında silisyum 
karbür içeren kaplamada çok düĢük oranlarda bulunması sebebi ile tespit 
edilememiĢtir buna ek olarak toz karıĢımından farklı olarak herhangi bir faza da 
rastlanmamıĢtır. X-ıĢınları pikleri incelendiğinde ısıl iĢlemsiz numunelerde plastik 
deformasyon nedeni ile pik geniĢlemesi tespit edilmiĢ fakat bu geniĢlemenin ısıl 
iĢlemle birlikte azaldığı ve 600oC deki ısıl iĢlem sonrasında orjinal tozun pik 
geniĢliği değerlerine ulaĢtığı görülmüĢtür.  
Sertlik ölçümleri 25 gr yük kullanılarak 10sn uygulama süresi ile mikrovickers 
ölçüm cihazı ile belirlenmiĢtir. Isıl iĢlemsiz kaplamaların sertlikleri 198 HV0.025 
olarak tespit edilirken silisyum karbür varlığının önemli bir etkisinin olmadığı 
görülmüĢtür ve bu durum silisyum karbür miktarının azlığı ile açıklanmıĢtır. 
600
oC’de gerçekleĢtirilen ısıl iĢlem sonucunda kaplama sertliklerinin bakır altlığın 
sertlik değerine kadar düĢtüğü gözlenmiĢtir. 
Elektrik iletkenliği ölçümleri girdap akımları presibine göre çalıĢan cihaz ile 
gerçekleĢtirilmiĢtir. Isıl iĢlemsiz numunelerin iletkenlik değerlerinin 30 MS/m 
dolaylarında olduğu belirlenmiĢtir ve hemen hemen bütün kaplamalar için benzer 
sonuçlar elde edilmiĢtir. Isıl iĢlem sonucunda kaplamaların iletkenliklerinde artıĢ 
gözlenmiĢ yalnız % 6,02 oranında silisyum karbür içeren kaplamalar için 300oC den 
sonra iletkenlik değerinin sabit kaldığı, en fazla artıĢın ise saf bakır kaplama için elde 
edildiği ve bu artıĢın yaklaĢık % 45 dolaylarında olduğu tespit edilmiĢtir.  
AĢınma deneyleri, ileri geri hareket yapan test cihazı ile gerçekleĢtirilmiĢtir. Testler 4 
N yük altında, 6mm’lik çelik bilya kullanılarak gerçekleĢtirilmiĢ olup kayma hızı 
olarak 10 mm/s, kayma mesafesi olarak 50 m ve aĢınma mesafesi olarak ise 5mm 
belirlenmiĢtir. Test sonuçları incelendiğinde en az aĢınma miktarlarının genel olarak 
saf bakır kaplamalarda elde edildiği, silisyum karbür eklentisinin ise aĢınma 
miktarını arttırıcı yönde etki ettiği görülmüĢtür. En fazla aĢınma miktarı % 6,02 
silisyum karbür içeren kompozit kaplamada elde edilmiĢtir.  
Kaplamaların korozyon davranıĢları elektrokimyasal testler aracılığı ile 
belirlenmiĢtir. Test süresince potansiyel açık devre potansiyelinin 0,8 volt altından 
baĢlatılmıĢ ve 1,2 volt üstüne kadar 1 mV/dakika hızla arttırılmıĢtır. Sonuçta elde 
edilen eğrilere bağlı olarak, kaplamaların hepsinin benzer sonuçlar verdiği ve 
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korozyon potansiyeli ve korozyon akım soğunluğu açısından altlığa göre az miktarda 
bir sapma gösterdiği belirlenmiĢtir. Pasivasyon bölgesinde akım yoğunluğu altlığa 
kıyasla daha yüksekte çıkmıĢtır. Kaplamalar arasında ise ısıl iĢlem uygulanmamıĢ 
numunelerin pasivasyon bölgesindeki akım yuoğunluğu değerleri genel olarak ısıl 
iĢlemlilere göre daha düĢük çıkmıĢ ve bu durum ısıl iĢlemin malzemenin tane 
boyutunu büyütmesi ve dolasıyla yüzey alanın küçülmesi ile açıklanmıĢtır. 
AĢınma deneylerinin sonuçları ve elektrik iletkenliği değerleri dikkate alındığında, 
bakır altlık malzemesinin yüzey özelliklerini geliĢtirmek amacı ile 600oC’ de ısıl 
iĢlem uygulanmıĢ olan saf bakır veya % 4,10 SiC içeren kompozit kaplamaların 
kullanılabileceği sonucuna varılmıĢtır. 
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1.  INTRODUCTION 
Electrical contacts are widely used materials and their function in the system is the 
connection or disconnection of two subsystems in electrical circuit [1]. For ignoring 
the problems can arise during working materials used as an electrical contact must 
have physical properties such as good electrical and thermal conductivity [1,2]. Due 
to the working conditions of these materials various types of problems take place 
such as arc erosion, metal transfer  and surface deformation because of relative 
motion of electrical contacts during working [2] result in working time of materials 
reduces.  
Copper is an alternative material can be used as an electrical contact as well as silver 
and gold because of its high electrical and thermal conductivity. Besides, additional 
properties like easy workability and low cost of copper make it proper for these 
applications [3,5]. On the other hand, mechanical properties of copper should be 
improved to extend the working time. In this purpose, we utilise strengthening 
methods such as dispersion hardening and precipitation hardening or surface 
modification techniques like pack cementation, physical and chemical vapour 
deposition, laser cladding, ion implementation and thermal spraying [5,9]. In the last 
decades cold gas dynamic spraying process can be used as an alternative way to 
improve the surface properties of materials. 
Cold gas dynamic spraying process is a relatively new technique used for the surface 
modification of materials. It is discovered by Professor Papyrin et al. in the mid 
1980’s. This process was developed as an alternative way to thermal spraying 
process. During thermal spraying process powders were melted to form the coating 
but during cold spray process, coating formation depends on the plastic deformation 
of particles. Particles plastically deformed by the factor of kinetic energy obtained 
from high particle velocity. Particle and process gas temperature during cold spray 
process does not reach to the melting point of used materials. Due to low process 
temperature, oxide free coating can be obtained by this technique especially for 
easily oxidise materials such as copper and titanium [13].  
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The aim of this study is to improve the surface properties of copper without 
significant reduction of electrical conductivity by cold gas dynamic spraying process. 
For this purpose, we produced the pure copper and copper matrix silicon carbide 
reinforced composite coatings onto the highly pure copper substrate by cold gas 
dynamic spraying process and heat treatment with different temperatures was 
performed to these coatings to determine the heat treatment effect to the properties of 
coatings. After that, optical and scanning electron microscope examinations and X-
ray diffraction analysis were performed as characterisation tests and hardness 
measurements, wear tests were carried out as mechanical tests, also, corrosion test 
and electrical conductivity measurements were executed for these coatings.     
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2.  ELECTRICAL CONTACTS 
Electrical contacts can be described as electromechanical parts which enable the 
separation or connection of two subsystems in electrical circuit without any damage 
on the performance of the system [1]. 
Contact materials are classified with respect to their application areas which are 
make-break contacts, demountable contacts, sliding contacts and fixed contacts. 
Make-break contacts are used for wide range of voltage and current rates. During the 
operation, make-break contacts generate arc, so that they are used in arc put out 
environment like in a blast air, or in oil. Demountable contacts include wide range of 
devices which are plugs and sockets, adapters, cable connecters, isolators, off-load 
tap changers, edge connectors on printed circuit boards and spring-clip type 
connections. These contacts operate in similar conditions like make-break contacts 
but do not make or break current. Demountable contacts must carry current for a long 
time without any damage in the system. On the contrary to make-break contacts, 
demountable contacts do not produce arc but they are subjected to high contact force. 
Sliding contacts have different types which are high speed, heavy current types like 
motors and generators, sliprings, brushes, commutators, current pickup contacts in 
electrical transport and low speed, light current types like potentiometers. Broad 
ranges of crimped and bolted contacts are the fixed contact types. These contacts are 
suitable for using in all voltage and current values, for instance large busbars to 
crimped or screwed wiring connections on low voltage printed circuit boards.  
While the usage of contacts in industry, some problems arise because of physical 
processes of contact and making or breaking of electric current.  
During the operation of make-break contacts, on breaking process, arc erosion, metal 
transfer like in the Figure 2.1 and welding occurs. Also, voltage drop and 
temperature arise across the contacts because of the contact resistance on making 
process.  
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Figure 2.1 : Arc erosion and metal transfer on breaking process [2]. 
Similar to make-break contacts, contact resistance problem take places for 
demountable contacts. This problem is less important for demountable contact 
because contact force is higher than for make-break contacts. Due to the contact 
resistance, temperature increases rapidly when contact material has low thermal 
capacity. If used material is improper for contacts, this temperature rising will be too 
much because of oxidation or corrosion effects. 
For sliding contacts, the main problems are related to high sliding speed contacts like 
brush/commutator and brush/slipring in motors and generators. During the relative 
motion of contacts, friction surfaces are coated with oxide and graphite particles. 
These coated materials enhance the wear resistance of contacts while the suitable 
operations of brush. The motion of brush generates an arc and this causes arc erosion 
and severe wear in the system. 
The working condition of fixed contact is identical as make-break contacts, but they 
remain the same position for years. Oxidation and corrosion occur between two faces 
of contact in the working condition. After a while, contact areas of metallic parts 
reduce and contact points disappear result in failure occurs instantly because of 
corrosion and/or oxidation during the operation like in the Figure 2.2. Also, 
permanent load on contact materials with high temperature that generates from 
contact resistance cause the creep effect [2]. 
 
       (a)     (b)               (c) 
Figure 2.2 : Surface of electrical contact (a) before and (b, c) after usage. 
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Because of the above problems in contact materials, materials which can resist these 
problems have to be selected for contact applications or mechanical properties of 
materials have to be improved to maintain working for a long time. 
2.1 Copper in Electrical Contacts 
Electrical contact materials must have some physical and mechanical properties to 
provide the requirements of working conditions. First of all, electrical contact 
materials should be a good electrical conductor to inhibit the temperature increase 
and a good thermal conductor to dissipate rapidly the heat which is result from 
electrical resistivity. When electrical and thermal conductivities of elements are 
examined, copper is the second best electrical and thermal conductor. The orders of 
electrical and thermal conductivities of elements are investigated in Figure 2.3 and 
2.4, respectively. 
 
Figure 2.3 : Electrical conductivity arrangement of metals [6]. 
In addition to the high electrical and thermal conductivity of copper, its high strength 
and ductility values, high corrosion resistance, easy workability and low cost make it 
suitable element for electrical contacts as well as silver and gold [3-5]. The number 
of copper based alloys and copper matrix composites produced with powder 
metallurgy used for cantacts and their application areas are listed in Table 2.1. 
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Figure 2.4 : Thermal conductivity arrangement of metals [7]. 
Table 2.1 : Copper alloys and application areas [2]. 
Copper Alloy Application Areas 
Copper-Beryllium 
Heavy current contacts working at high voltage with a high 
frequency of operation 
Copper-cadmium 
Contact supports requiring strength which is maintain at 
moderately elevated temperature, and trolley wires 
Copper-chromium Resistance welding machines 
Copper-nickel Heavy current electrical contacts 
Copper-nickel-zinc The manufacture of contact springs and cantact supports 
Copper-gold Relay and light duty contacts 
Copper-silver-gold Light duty sliding contacts 
Copper-tin Contact backing material and trolley wire 
Copper-zirconium Manufacture of spot welding electrodes 
Electrical contact is subjected to relative movement during the working, result in 
erosion occurs on the surface of contact like in the Figure 2.2 and this cause the 
stopping of working [4,8]. Adhesive and abrasive resistance of copper is not enough 
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to prevent this phenomena because of its low hardness so that for a longer working 
time copper properties should be improved [3,8]. For this purpose materials 
strengthening methods or surface modification techniques can be used. 
Precipitation hardening and dispersion strengthening are the material strengthening 
methods which are generally selected for improvements of mechanical properties of 
copper. Precipitation hardening is not suitable for applications which performed over 
the 500
o
C because the strength of material reduces by the reason of precipitate phase 
growing at that temperature. On the other hand, metal matrix composite which is 
depend on the hard particle dispersion in metal matrix, production is more suitable 
technique. In this respect, powder metallurgy is one of the techniques used for metal 
matrix composite production [5,9]. Well known copper matrix composites produced 
with powder metallurgy and their electrical contact applications are listed in Table 
2.2. 
Table 2.2 : Copper composites and application areas [2]. 
Copper Composites Application Areas 
Copper-tungsten High currents to improve contact life and breaking capacity 
Copper-graphite 
Slip rings and low voltage d.c. machines with very high 
current densities 
Copper-molybdenum 
Used instead of copper-tungsten, but its properties are in 
general not as good as those of copper-tungsten. 
Pack cementation, ion implementation, laser cladding, chemical and physical vapour 
deposition and thermal spraying are types of surface modification techniques used 
for copper.  
M.R. Bateni et al. [3] produced Titanium-Copper intermetallic coating onto the 
copper substrate by pack cementation process. This coating improved the wear 
resistance of copper as a result of the surface hardness increase.  
Wear resistance and surface hardness of copper can be increased lower than two 
times of original values by ion implantation technique. 
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K.W. Ng et al. [10] coated molybdenum on copper substrate with using of laser 
gladding process. Seven times higher wear resistant and hard surface onto the copper 
substrate was obtained by means of molybdenum coating.  
Titanium/titanium nitride, niobium/niobium nitride and chromium nitride coatings 
produced by physical and chemical vapour deposition onto the copper substrate are 
present in literature [11]. 
We make use of thermal spraying to produce metal matrix composite coatings. In 
this process powder mixture which is contain metal and ceramic particles sprayed 
onto the copper substrate. Coating which has homogeneously distributed ceramic 
particles cannot be produced easily by commercial thermal spray techniques because 
of metal matrix melting. Also, in these techniques, coating with high density and 
well adhere to substrate production is very difficult. This difficulty is higher for 
carbide reinforced composite coatings. The highest strength of mechanical adhesion 
between substrate and coating will be 30-50 MPa in thermal spraying [8]. 
Furthermore, it is very difficult to obtain oxide free coating in this technique [12]. 
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3.  COLD GAS DYNAMIC SPRAYING TECHNIQUE 
Cold gas dynamic spraying is a process that was developed by Russian Professor 
Anatolii Papyrin and his colleagues in the mid 1980’s. Several number of pure 
metals, metal alloys, polymers and composites were successfully coated on various 
types of substrates with this technique by Russian Scientist [13]. The apparatus used 
for cold spray process is illustrated in Figure 3.1.  
 
Figure 3.1 : Schematic diagram of cold spray [14]. 
Cold spray is the process which depends on the deposition of solid powders on 
substrate surface without melting. In this technique small particles generally below 
the fifty microns are fed to the high velocity gas stream obtained by compressed gas 
which is shown in the Figure 3.2 and reach to the supersonic velocity [14]. High  
 
Figure 3.2 : Schematic diagram of laval nozzle [15]. 
10 
velocity (300-1200 m/s) gas flow is attained by the passing of compressed gas 
through the Laval (convergent-divergent) type nozzle like in the Figure 3.2. 
Initially, powders are fed to the nozzle by different type of gas stream. Powders that 
are fed to the nozzle accelerated by the process gas stream and they reach to the 
supersonic speed when  leave from the nozzle after that they impact onto the surface 
of substrate result in powders plastically deform because of its high kinetic energy 
adhere to the substrate surface which is shown in Stage 1 in Figure 3.3 [12,14,16,17].  
 
Figure 3.3 : Coating formation onto the substrate [14]. 
During the process powders continue to attach to the material which adherent to the 
surface of substrate later that can be seen in Stage 2 in Figure 3.3. Furthermore, 
following powders increase the density of coating and make the adhesion of powders 
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more powerful that is illustrated in Stage 3 and 4 in Figure 3.3. At the end of the 
process coating which has low porosity, adhere to substrate successfully 
homogeneous and desirable thickness will be obtained [14]. 
All of the particle impacts to the substrate surface are not result in deposition as a 
result of plastic deformation. During the impact of particles on solid surface, a lot of 
events will be observed. These events can be categorised as sticking or erosion at low 
velocities, ballistic effect at high velocities and cold spray deposition at medium 
velocities. Figure 3.4 illustrates the mechanisms which occur on the substrate surface 
with respect to powder size and velocity. It is clearly shown from the Figure 3.4, 
powders which has approximately velocity of 300-1200 m/s and 10-100 µm particle 
size can be deposited on substrate surface.  
 
Figure 3.4 : Influence of impact velocity and particle size on features of the    
interaction [18]. 
The particle velocity while impact determines the mechanism such as erosion or 
deposition so that particle velocity before impact is very important. During the cold 
spray process, particles must reach to the certain velocity to adhere the surface of 
substrate as a result of plastic deformation and this velocity is called a critical 
velocity. For the pair of substrate and powder type there is a critical velocity and 
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only particles which has this velocity or above this velocity can plastically deform 
and deposited onto the substrate efficiently. On the other hand, particle which has a 
velocity below the critical velocity has not enough kinetic energy to deform 
plastically and these particles cause the erosion or sandblasting on the substrate 
surface. Critical velocity changes with respect to the characteristics of powder 
material.  
Deposition efficiency rapidly increases at the critical velocity, so that critical velocity 
can be described as a threshold velocity. Coating efficiency is equal to the ratio of 
deposited particles weight to sprayed particles weight. Figure 3.5 illustrates that 
deposition efficiency is zero below the critical velocity yet when average particle 
velocity exceed the critical velocity, deposition efficiency will begin to increase and 
efficiency increases with increasing average particle velocity. This relationship 
indicates that critical particle velocity should be specified for using powders to 
obtain good coating [19]. 
 
Figure 3.5 : Relationship between particle velocity and deposition efficiency [19]. 
Critical velocity (Vcrit) equation which is obtained by taking into consideration of 
different process parameters and different material properties is given in Equation 
3.1 [20]. 
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   (3.1) 
In this equation:   : Powder density, 
    
: mT Melting temperature of powder, 
    : RT Reference temperature (generally room temperature), 
    :u Yield strength of powder,  
     : iT Powder impact temperature 
Equation 3.1 depends on the powder physical and mechanical properties and process 
parameters such as reference and powder impact temperature. However, some 
researchers indicate that in addition to these properties critical velocity is affected 
from the powder size distribution, powder and substrate surface oxidation conditions 
[21,22]. 
3.1 Process Parameters of Cold Spray 
3.1.1 Particle velocity 
In cold spray technique, the most important parameter is the velocity of sprayed 
powder just before the impaction of powder onto the substrate surface, so that the 
understanding of process parameters effects to the powder velocity is very important. 
In this technique, particle velocity is directly related to the process gas velocity and it 
is affected from nozzle geometry, gas type, gas temperature and gas pressure. Also, it 
is dependent on the powder characteristic properties such as density, size and 
morphology. 
3.1.1.1 Nozzle geometry 
Expansion ratio is the important point of nozzle geometry. Expansion ratio described 
as the ration of nozzle exit area (A) to nozzle minimum cross-sectional area (A*) 
which is called a throat and it is determine the Mach number of nozzle. Mach 
number (M) which is given in Equation 3.2 is equal to the ratio of gas flow velocity 
(V) to sound velocity (c) in that gas [23]. 
RT
V
c
V
M
A
A


*                            (3.2) 
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In this equation: γ: Ratio of specific heats of gas ( Cp/Cv ) 
R: Specific gas constant (ratio of universal gas constant to 
molecular weight of gas) 
T: Gas temperature 
When other parameters like gas pressure, temperature, type, powder size, etc. remain 
the same, although in theory process gas velocity will increase permanently with 
increasing expansion ratio, particle velocity increases up to a certain expansion ratio. 
At that point particle reaches to the maximum velocity and particle begins to 
slowdown above this expansion ratio. Figure 3.6 shows the particle velocity changes 
with respect to nozzle exit diameter for different gas pressures. It can be seen that 
velocity increases up to certain value and then decreases above optimum exit 
diameter [24]. 
 
Figure 3.6 : Effect of gas pressure on optimal nozzle exit diameter [24]. 
3.1.1.2 Gas type 
Process gas reaches to supersonic velocity in the system and it provides the 
acceleration of powders by momentum transfer. It is known from the gas dynamics 
rules (Equation 3.2), higher gas flow rates can be obtained by decreasing of the 
molecular weight and/or increasing of the specific heat ratio (γ) of gas which passes 
through the same nozzle. Moreover, it is reported in the literature, when helium is 
selected as a process gas, higher gas flow rates will be obtained in comparison to air 
and nitrogen [25]. 
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On the other hand, reactivity of gas is important with regards to the prevention of 
oxidation problem of powders. Also process gas price is another important point 
because of high consumption of process gas during application [13]. Five different 
gas types which are generally used in cold spray technique are listed in Table 3.1. 
Table 3.1 : Properties of process gases [13]. 
Gas Type 
Speed of Sound 
(m/sec.) 
Density 
(kg/m
3
) 
Noble or 
Reactive 
Price 
Air (80 % N2 
+20 % 02) 
343 1.225 Reactive Cheap 
Nitrogen (N2) 349 1.185 Non-reactive Cheap 
Hydrogen (H2) 1303 0.085 Reactive Expensive 
Argon (Ar) 319 1.69 Noble Expensive 
Helium (He) 989 0.168 Noble 
Very 
Expensive 
When Table 3.1 is examined, speed of sound reaches the highest value in hydrogen 
gas because of the low molecular weight. However, hydrogen usage is suggested 
only by taking of very serious safety cautions by reason of explosion risk of 
hydrogen. Price of hydrogen is more than nitrogen. Argon is noble gas, but 
acceleration capability is low and it has high molecular weight, also it is an 
expensive gas [13]. 
Two different gas types generally used for cold spray process are helium and 
nitrogen. Both of them are not reactive. Air is another type of process gas which is 
used in cold spray. Speed of sound in air is slower than in nitrogen, but air is a gas 
type which has the lowest possible price. Powders have the risk of oxidation by the 
reason of oxygen in air [13]. 
3.1.1.3 Gas temperature 
It is understood from the Equation 3.2, when gas temperature increases, speed of 
sound in gas will increase hence the flow rate of gas will increase at a constant Mach 
number. Van Steenkiste et al. [14] investigate the behaviour of the acceleration of 
aluminium powders with large particle size at different inlet gas temperatures and 
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they established that inlet temperature of process gas is directly proportional to 
particle velocity. When the inlet temperature of process gas increases, particles reach 
to the higher velocities at nozzle exit. This correlation can be seen in Figure 3.7. 
 
Figure 3.7 : Computed Al particle velocity (at nozzle exit) as a function of process 
gas temperature [14]. 
3.1.1.4 Gas pressure 
High gas inlet pressure provides to obtain high gas pressure through the nozzle and 
this condition result in high pressure difference between the inlet and outlet of the 
nozzle. This high pressure difference enables to obtain higher gas flow rate and 
higher spraying velocities in the process. 
In study of Lee et al. [26] the property changes of aluminium coatings with different 
gas inlet pressure were showed. They stated that coating efficiency changes with 
pressure. At lower pressure (0.7 MPa), coating efficiency is equal to approximately 5 
% but at higher pressures (1.5 and 2.5 MPa), coating efficiency arises to 30 %. They 
presented that hammering effect of aluminium particles is dominated at lower 
pressure with respect to higher pressures and this is supported by SEM images of 
coatings. Particle deformation is more severe at low pressure than at high pressure 
coatings. Also, hardness values of coatings were compared at this study. At lower 
pressure, higher hardness values and more dense structure than higher pressures were 
obtained because of the hammering effect of aluminium particle at low pressure. 
Hardness values of aluminium coatings with different pressures are listed in Table 
3.2. 
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Table 3.2 : The hardness of Al coatings with different pressure [26]. 
Pressure Hardness (HV) 
0.7 Mpa 55 
1.5 Mpa 48.2 
2.5 Mpa 42.3 
3.1.1.5 Characteristic properties of sprayed powder 
Particle size and density is important properties for the acceleration behaviour of 
powder because they determine the weight of powder. At a constant sucking power, 
heavy particles have low acceleration rate and low spraying velocity. Powder 
acceleration is inversely proportional to square root of powder density and diameter 
[27,28]. It is expected that small and light particles have high impact velocity 
[29,30]. 
Fukumoto et al. [31] was examined the relation between particle size and particle 
velocity in their study. Their results are shown in Figure 3.8 and it is clearly shown 
that particle size has significant effect on particle velocity. When particle size 
decreases, particle velocity will increase [31]. 
 
Figure 3.8 : Relation between particle size and particle velocity [31]. 
3.1.2 Standoff distance 
Standoff distance in the cold spray technique has important effects on the powder 
impact velocity and according to impact velocity deposition efficiency change with 
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this parameter. Li et. al. [32], study to specify standoff distance effects on the 
behaviour of particles during process and coating properties in their work.  They use 
compressed air as a process gas which has pressure of 2.8 MPa and three different 
materials (Aluminium, Copper and Titanium) were used to examination. Their 
experiments show that powders continue to acceleration up to certain distance after 
removing from nozzle and this distance changes with respect to particle properties. 
This distance will be longer for larger particles than smaller ones for same material 
but it is related to their densities for different materials such as this distance is longer 
for denser particles. 
It is reported in this study, the effect of standoff distance to the deposition efficiency 
is different. Figure 3.9 shows the deposition efficiency results with respect to 
different standoff distance for aluminium, copper and titanium under the same 
conditions. Deposition efficiency of aluminium and titanium powders decreases with 
increasing standoff distance but deposition efficiency of copper powders firstly 
increases up to certain point with increasing standoff distance and then decreases 
with increasing standoff distance. This condition is explained by the density 
difference between copper and other powder types. Copper has higher density than 
aluminium and titanium so that its critical standoff distance is higher than others. 
Density of aluminium and titanium are near to each other and their behaviour is 
similar. 
 
Figure 3.9 : Changes of relative deposition efficiencies of Al, Ti and Cu powders    
with standoff distance [32].
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3.2 Advantages and Disadvantages of Cold Spray 
3.2.1 Advantages of cold spray 
High deposition efficiencies are obtained for several number of metal, metal alloys 
and composites. For instance, above the 95 % of deposition efficiency was obtained 
for aluminium, copper and their alloys. It is experimentally proved that high 
deposition efficiency can be obtained with taking of necessary precautions such as 
reduction of oxygen content in feedstock, removing of residual stresses in the 
powders, obtain an appropriate powder size distribution, and regulation of the best 
spraying conditions [13]. 
In cold spray process gas temperature can be optionally arise to specific temperatures 
for accelerating particles to required velocities but this temperature is quite below the 
melting temperature of spraying powder. Hence, powders adhere to the substrate 
surface by means of the kinetic energy without any melting of powders. Also, cold 
spray is a proper technique to coat the materials which are sensitive to heat and easily 
oxidize with traditional techniques like titanium and copper [33]. 
In cold spray technique, high rate of powders’ kinetic energy used for plastic 
deformation and rest of energy converts to heat. This heat generates in micro scale 
enables to close the pores and cracks in the coating as a result of this high density 
(<0.5 vol. % porosity) coatings will be obtained [13,34]. 
Coatings which have high electrical and thermal conductivity up to the 92 % of bulk 
material can be obtained as a result of high density coatings by cold spray technique. 
Coatings which have the conductivity of 40-63 % of bulk material can be obtained 
by thermal spray technique for this reason cold spray is more suitable technique to 
obtain high conductive coatings [13]. 
Coating which has higher hardness than bulk material can be obtained by cold spray 
technique because of the high rate of deformation while the collision of powders onto 
the surface of the substrate [13]. 
3.2.2 Disadvantages of cold spray 
With this technique composites can be sprayed but pure ceramics and some of the 
alloys cannot be sprayed.  
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Substrate ductility should not be higher than a specific value to obtain a coating 
which has high adhesion strength.  
Surfaces which are on the line of nozzle can be coated by cold spray technique so 
that coating of complex shapes is very difficult [13]. 
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4.  SIMILAR STUDIES IN THE LITERATURE 
C. Borchers et.al. [35] produced a copper coating onto the aluminium substrate. 
Their purpose is producing of copper coating which has high density, strong bonds 
between particles and satisfying engineering properties. Also, they compared the 
properties of their coating with cold rolled sheet copper and coating which is 
produced by thermal spray technique. They used the powders which has a particle 
size between 5-20 µm and the oxygen content of feedstock is reported as 0.08 wt. %. 
Powders were sprayed with a process gas inlet pressure of 25 bar and temperature of 
300
o
C. Critical velocity of 570 m/s is predicted to obtain high deposition efficiency. 
Resistivity measurements are performed at room temperature and the values of 
coating which was produced by cold spray and cold rolled copper sheet specimens’ 
were measured close to each other but their values are lower than coating which is 
produced by thermal spray. The oxygen content in the structure of coating which was 
produced by cold spray was reported as 0.07 wt. % and oxygen content of coating 
which was produced by thermal spray was reported as 0.4-0.6 wt. %. 
Y.K.  Han et.al. [36] used copper powders to coat the different types of metals such 
as Al purity of 99.999 %, Al alloy 5005 H34, Al alloy 2124 T851, commercial purity 
Mg and iron 3N5 purity by cold spray technique. Microstructures of coatings were 
investigated with optical and scanning electron microscope, micro-hardness of 
coatings was measured and deposition efficiency was examined during the study.  
Process gas set at pressure of 0.69 MPa, and the temperature of 404
o
C during the 
cold spray process. 12 mm standoff distance was specified and transverse speed of 
50.8 mm/sec. was chosen. Particle size of sprayed copper powder which has purity of 
99.9 % was stated between 1-5 µm. Spraying powder was fed to the system with a 
feeding rate of 14 g/min.. Microindentation test was performed along the 1 mm 
distance from the interface and 3 mm distance from other side of the interface but 
between 1-3 mm hardness values of coatings did not change so that they were not 
reported. Hardness measurements are given in Figure 3.10. When hardness values of 
substrates after coating were compared, Al purity of 99.999 % was determined as a 
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softest material and hardness of commercial purity Mg, Al alloy 5005 H34, iron 3N5 
purity and Al alloy 2124 T851 follow the Al purity of 99.999 % with increasing 
order. Also, the coatings hardness values were changed between 140-190 HV. 
 
Figure 4.1 : Microindentation hardness test results [36]. 
M. Fukumoto et.al. [31] coated pure copper powders onto the stainless steel and 
aluminium alloy substrates by cold spray technique. In this study, the effects of 
process parameters such as particle size, gas type, gas temperature, gas velocity and 
substrate temperature to the adhesion performance of the particles were discussed. In 
the experiments pure copper powders with average particle sizes of 5, 10 and 15 µm 
were used. Air and helium are used as a process gas and the gas pressure ranged 
between 0.4 and 1.0 MPa in the experiments. Coatings performed onto the substrates 
which are at room temperature and heated to 673 K. After coating operation, hemi-
spherical shape copper particles were observed onto the substrate surface. These 
shapes formed because of the plastic deformation after collision of copper particles 
onto the substrate and these shapes show the hardness increase because of the plastic 
deformation. They indicated that copper particle velocity is affected by process gas 
pressure with respect to gas temperature and this relation can be seen in Figure 3.11. 
It is stated that deposition efficiency is positively affected by increasing gas pressure. 
It is specified that temperature increase of substrate affect the first layer formation of 
copper particles onto the substrate surface. Deposition efficiency of first layer 
increases with increasing substrate temperature. 
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Figure 4.2 : Relation between gas pressure and particle velocity [31]. 
Peter C. King et. al. [37] studied to show the relationship between substrate hardness 
and adhesion strength of coating that was produced by cold spray technique. In their 
study, copper powders used as a feedstock material, commercial purity aluminium 
and 7050 aluminium alloy were selected as substrate materials. 7050 aluminium 
alloy was selected in comparison because of its higher strength, homogenous 
microstructure and lower intermetallic particle concentration. In this study spherical 
shape copper powder which has a particle size of 15.2 µm was selected as a 
feedstock material and nitrogen gas which has a 25 bar of nozzle inlet pressure was 
used as a process gas. 20 mm standoff distance was adjusted and 0.05 m/sec. traverse 
speed of nozzle was selected in this system. Three different  nozzle inlet temperature 
of process gas was specified which are 200°C, 400°C, 600°C. It is indicated that 
copper particles’ velocity increase with increasing of process gas temperature. 
Coating which was produced onto the 7050 aluminium alloy has more localised 
deformation characteristics and has higher interface temperature with respect to 
coating which was produced onto the commercial purity aluminium. Deposition 
efficiency was found higher for commercial purity aluminium than 7050 aluminium 
alloy and this condition is explained with embedding of copper particles into the 
surface of commercial purity aluminium. As a result, hardness and temperature effect 
about the coating properties which is produced by cold spray technique was 
determined. 
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Wen-Ya Li et. al. [38] performed copper coating onto the steel substrate by cold 
spray technique. In this study, the effect of process gas temperature and surface oxide 
level to the deposition efficiency of copper powders were examined. Also, the effect 
of surface oxide level to the interface microstructure and adhesion strength of coating 
was examined. The results of process gas temperature change effect with different 
process gas types and average particle velocity effect to the deposition efficiency of 
copper powders were given. Copper powders used in experiments had a mean 
particle size of 20.5 µm and oxygen content of these powders was indicated as 0.04 
wt. % and 0.38 wt. %. Helium and nitrogen gases were used as a process gas. 
Standoff distance of 20 mm and traverse speed of 80 mm/s were adjusted during the 
cold spray process. At the end of the experiment it is determined that increasing gas 
and particle temperature is directly proportional to deposition efficiency but 
increasing oxygen content of starting powders inversely affect the deposition 
efficiency of copper powders. Although similar microstructure and microhardness 
results of coatings, more oxide inclusions were seen at the interface of copper 
powders in the coating which was produced with high oxygen content copper 
powders. It was detected that high levels of oxygen content in the starting powders 
significantly reduce the adhesion strength of coating. This condition was explained 
with the high level of oxide inclusions in the coating because oxide inclusions inhibit 
the strong bond formation between metal particles. Coating fracture behaviour did 
not change with respect to these developments. 
Hyun-Ki Kang et. al. [34] produced coatings with agglomerated copper tungsten 
composite powders onto the soft steel substrate by plasma spray technique and cold 
spray technique. Tungsten powder with particle size below 1 µm and copper powder 
with particle size below 45 µm were selected to prepare composite powders. Both of 
powders has the purity of 99.9 % and powder mixture was prepared with 25 wt. % 
copper and 75 wt. % tungsten powders. Powders were mechanically alloyed with ball 
mill during twenty hours before production of coating. Microstructural investigations 
showed that the porosity level to the coating produced by cold spray technique is 
lower than coating produced by plasma spray technique. Additionally, oxidation of 
copper did not observe to the coating produced by cold spray technique. The loss 40 
% of tungsten was indicated at the end of the cold spray coating process. The reason 
of this loss was explained by the lack of plastic deformation. High level of porosity 
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as seen at the tungsten-rich regions of coating. Tungsten content in the coating 
increase with increasing process gas temperature and this effect was depended on the 
increasing particle velocity. 
J.S. Kim et. al. [39] used the cold spray technique to produce a coating with 
nanocomposite powders which contain titanium diboride and copper and copper used 
as a substrate material in this process. Nanocomposite powders used in experiments 
were prepared by sieving below 40 µm and titanium diboride used in the productions 
has the particle size of 50-100 nm. Air was selected as a process gas in the cold spray 
technique. Nozzle inlet pressure set to 1.6 MPa during the process and process gas 
temperature was maintained at 400
o
C. Powders sprayed onto the copper substrate 
with a speed of 450-580 m/sec. and this speed change with respect to the size of 
nanocomposite powders. The content of nanocomposite powders was calculated as 
43 % TiB2 and the rest of the copper In spite of the high ceramic content and 
significant plasticity difference between phases, entirely dense coating structure was 
produced. Coating hardness was determined as 378 HV and this value was compared 
to hardness value of 150 HV of pure copper coating produced by cold spray 
technique to specify the TiB2 effect on the coating hardness. 
A. Sova et. al. [40] produced the metal-ceramic composite coating onto the 
aluminium substrate by cold spray technique. Sand blasting process was applied to 
the surface of substrate before production of coating. In this study, the effect of 
ceramic Aluminium and copper powders used as metals and different particle size of 
aluminium oxide and silicon carbide powders used as ceramics to prepare the 
mixtures metal-ceramic powder mixtures. Different spraying velocities were 
obtained by using of different nozzle geometries. Average particle size of copper and 
aluminium powders are given as 39 and 25 µm, respectively. Average particle sizes 
of aluminium oxide powders are given as 19 and 127 µm, also, average particle sizes 
of silicon carbide powders are given as 25 and 135 µm. Nitrogen was used as process 
gas for all experiments. Standoff distance was set at 20 mm during the cold spray 
process. The importance of ceramic particles velocities to the formation of coating 
was understood at the end of these experiments. It is reported in this study, ceramic 
particles in the cermet mixture should be reached to the appropriate velocity to form 
a coating. It is concluded that particles which are not accelerated to proper velocity 
rebound from the surface of the substrate. To form a coating onto the substrate, large 
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ceramic particles should be accelerated through the longer nozzle. It is indicated that 
the hardness of cermet coating is dependent on the ceramic content as well as it is 
directly proportional to impact velocity of ceramic particles. Microhardness 
measurements showed that the hardness of cermet coatings which include large 
particles was found higher than hardness of cermet coatings which include small 
particles. 
Heli Koivuluoto and Petri Vuoristo [41] produced copper and copper-aluminium 
oxide composite onto the steel substrate by cold spray technique. The purpose of this 
work is determination of the effect of different shape of copper particles and different 
concentration of aluminium oxide to the microstructure, fracture behaviour, density 
and adhesion strength of coating. Different shapes of copper particles which are 
spherical and dendritic and different volume percentage such as 0, 10, 30, 50 of 
aluminium oxide content were used in this study. Additionally, reference coating was 
produced with commercial powder mixture. Approximately 25 µm average particle 
size of spherical copper particles was used for the coatings produced by cold spray 
technique and the size of dendritic copper particles was indicated as below the 63 
µm. Particle size of copper in reference copper aluminium oxide powder mixture was 
given as 15 µm and the percentage of aluminium oxide powder determined by 
analysing of the image of microstructures which was given as 50 %. Air with 6 bar 
pressure was used as a process gas and it was heated to 540
o
C during the process. 
Feeding rate of powder was regulated from the 8 level of machine control unit. The 
level of 4.5 for commercial powder mixture and mixture of dendritic copper 
powders, the level of 5-7 for mixture of spherical copper powders were chosen. 
Standoff distance was set at 10 mm for all experiments and traverse speed of 5 and 
7.4 m/min. were chosen for the coatings produced by cold spray technique. It is 
understood from the results of analyses, hard particle addition affect the coating 
quality positively. In terms of the copper powders, lower level of porosity was 
detected for coatings produced with spherical copper powder mixtures. Porosity level 
in the coating varied inversely with the aluminium oxide content in the feedstock. 
The hardness of coating increased with increasing of aluminium oxide content as a 
result of the higher cold work effect of aluminium oxide. Additionally, aluminium 
oxide powders clear the surface of the substrate and higher adhesion strength was 
obtained. Spherical copper particles subjected to higher level of plastic deformation 
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therefore coatings produced by spherical copper particles had more hardness values 
and bonding strength. 
P. Sudharshan Phani et. al. [42] produced composite coating onto the copper 
substrate by cold spray technique with nano-sized copper and aluminium oxide 
powders. To compare this composite coating, pure copper coating was produced in 
this study. Generally, heat treatment effect to the porosity formation, microhardness, 
grain size of the coating, electrical conductivity of coating was analysed in this study. 
Copper and aluminium oxide particles used for cold spray process mechanically 
alloyed before coating and sieved between 22-45 µm. Copper powder used for 
comparison has the particle size between 10-45 µm. Standoff distance set at 15 mm 
and feeding rate of 10 g/min. was chosen during the coating process. Coating was 
performed at gas pressure of 2 MPa. Heat treatments at 300°C , 600°C , 950°C were 
applied to coatings. Grain size of coatings increased with increasing of heat treatment 
temperature for both of the coatings. Porosity level of copper-aluminium oxide 
composite coating did not change with heat treatment but porosity level of pure 
copper coating decreased with heat treatment significantly. Electrical conductivity 
increases with heat treatment temperature but for pure copper coating, it remained 
the same after the heat treatment of 300
o
C. Heat treatment reduced the hardness of 
both of the coatings but this reduction was more effective for pure copper coating. 
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5.  EXPERIMENTAL PROCEDURE 
5.1 Optimisation of Process Parameters 
The experimental studies were started with the optimisation of process parameters. 
For this purpose, according to the studies in the literature, ceramic particle reinforced 
copper matrix composite coatings were produced. Mixture of 25 vol. % silicon 
carbide and 75 vol. % copper were used as a feedstock during the optimisation of 
process parameters and this mixture was blended with dry mixer at one hour before 
coating operation. All parameters given in Table 5.1 except traverse speed and 
number of pass were used during coating operations in the optimisation of process 
parameters but four different (1, 2.5, 5 and 7.5 mm/s) traverse speed and three 
different (1, 2 and 4) number of pass were tried to determine the optimum process 
parameters. Coatings were produced along a straight line of 12 mm. Samples were 
cut perpendicular to the coating line and mounted with a Bakalite for the examination 
of coating properties. Optimum parameters were determined with respect to the 
coating thickness, hardness and oxidation behaviour. These optimum parameters 
were used at further coatings operations performed with feedstock which contain 
lower ceramic powder (12.5 vol. %) and 100 % copper in the same conditions. After 
the optimisation of process parameters, the flow chart of the experimental procedure 
given in Figure 5.1 was followed during this study. 
5.2 Preparation of Feedstock 
Three different feedstock which are 100 % copper powder for pure copper coating, 
mixture of 12.5 vol. % silicon carbide powder with 87.5 vol. % copper powder and 
mixture of 25 vol. % silicon carbide powder with 75 vol. % copper powder for 
composite coatings were prepared. Composite feedstock was blended with dry mixer 
at one hour before coating operation. For coating operations, 99.9 % purity spherical 
copper powder which has the average particle size of 10 µm and 99.4 % purity 
irregular shape silicon carbide powder which has the particle size below 44 µm were 
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used. Copper and silicon carbide powders are commercially available and they were 
supplied by Alfa Aesar Company.  
 
Figure 5.1 : Flow chart of experimental procedure. 
5.3 Production of Coating 
Coatings were produced by cold spray technique with the process parameters given 
in Table 5.1. Feedstock was sprayed onto the high purity copper substrate with 
RUSONIC cold spray equipment. Compressed air was used as a process gas and 
beam distance was determined with respect to the width of the coating line obtained 
from the previous work that performed to obtain optimum parameters. It was decided 
40 % of width of coating line as a beam distance to produce a coating with flat 
surface. The traverse speed was controlled by two servo-motor which enable the two 
axes motion of the substrate.  
5.4 Sample Preparation 
In order to prepare samples for microstructural characterisation and micro-hardness 
measurement, coated substrates were cut from the cross sections of the coatings by 
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BUEHLER IsoMet Low Speed Saw apparatus and then samples mounted with 
Bakalite with hot mounting machine. Besides, standard metallographic sample 
preparation procedure was applied. 500, 800, 1000 and 1200 mesh SiC emery papers 
were used for grinding operation. After that, 3 µm diamond suspension on the MD 
Mol. cloth was used to polish the surface of the samples. This operation was 
continued to reach the mirror like surface finish. The rest of the coatings’ surfaces 
were grinded with 1000 mesh emery SiC paper to obtain a smooth surface for the 
tests carried out on these samples. 
Table 5.1 : Process parameters of cold spray coating.  
Parameter Composite Feedstock Pure Copper Feedstock 
Process Gas Pressure , bar 6 6 
Powder Feeding Rate, 
Equipment Setting Scale 1-8  
2 2 
Traverse Speed, mm/sec. 2.5 5 
Standoff Distance, mm 10 10 
Number of pass  2 2 
Beam Distance, mm 2 1 
5.5 Microstructural Examination 
Prepared samples were visualised with Leica DM6000M Optical Microscope and 
HITACHI TM1000 Tabletop Scanning Electron Microscope. The optical microscope 
images used to determine the coating thickness and ceramic percentage in the 
coating. Scanning electron microscope (SEM) images used to examine the quality of 
coatings. Coating thickness measured with optical microscope software and the 
ceramic percentage was determined with CLEMEX image analysed software. 
5.6 X-Ray Diffraction Analysis 
Different phases in the coatings identified by the Bruker D8 Advance X-Ray 
Diffractometer with Cu Kα radiation performed over an angular range of 20o-100o 
with step angle of 0.02
o 
and scan rate was set at 2
o
/min. 
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5.7 Hardness Measurement 
Hardness of coatings was determined by Shimadzu HMV Microhardness Tester. 
Measurements were performed onto the cross section of coatings which was prepared 
by metallographic procedure. Hardness measurements performed with load of 25 
grams and the dwelling time of 10 second. For all samples 20 measurements were 
performed to obtain average hardness value. 
5.8 Electrical Conductivity Measurement 
HOCKĠNG AutoSigma 3000 Electrical Conductivity Meter was used for the 
measurements of electrical conductivities of coatings. This device works on the 
principle of eddy currents. Surfaces of the samples were grinded with 1000 mesh 
emery SiC paper to obtain a flat surface before measurements. Around ten 
measurements were taken at different locations to obtain the average electrical 
conductivity value of each specimen.  
5.9 Wear Test 
Wear tests were carried out by Tribotech reciprocating wear testing machine. 
Experiments were performed under the dry condition against to the 100Cr6 steel ball 
with diameter of 6 mm. Also, experiments were performed under the load of 4N, 
sliding speed of 10mm/s, wear track length of 5 mm and total sliding length of 50 m 
for all samples. During the experiments, the environmental conditions were remained 
at the temperature of 20±2oC and the humidity of 33±2 %. 
Friction coefficients of samples during experiment were recorded by the software of 
Tribotech reciprocating wear testing machine. 
Wear tracks topographies were characterised by Veeco Dektak 6M surface 
profilometre and for all samples, 5 measurements were taken at different positions of 
wear tracks. Wear track areas were calculated with the area equation of ellipse. From 
these results average wear track areas calculated and all results divided by the highest 
wear track area to obtain the relative wear rates of samples. The comparison of wear 
behaviour of different samples was done with respect to these calculations. In order 
to determine wear mechanism, wear tracks and surface of 100Cr6 steel ball after 
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each wear test were examined by the Leica Optical Microscope. Also, wear tracks 
were examined with HITACHI TM1000 Tabletop Scanning Electron Microscope 
and EDS spectrums from the surface of wear tracks were taken by apparatus attach to 
this machine. 
5.10 Corrosion Test 
Corrosion behaviours of coatings were determined by the method of electrochemical 
process. Samples attach to the copper wire with solder and partially covered by 
Bakalite with cold mounting process in order to obtain free exposed area of nearly 
0,25 cm
2
. Anodic potentiodynamic curves were obtained by Gamry PC4/750 
potentiostat/ galvanostat model of P600 system. Experiments were performed in the 
3.5 % NaCl solution at room temperature. Saturated calomel electrode used as a 
reference electrode and the spiral shaped platinum electrode used as a counter 
electrode. The potential was scanned from open circuit potential (OCP)-0.8 up to 
OCP+1.2 with scan rate of 1 mV/s. Corrosion behaviours of samples were examined 
with respect to curve obtained from these experiments. 
5.11 Heat Treatment 
Heat treatment was subjected to coatings to study the effect of heat treatment 
temperature to the properties of coatings. Treatments were performed in an argon 
atmosphere to avoid the oxidation of copper at high temperatures. Samples subjected 
to the temperatures of 300 and 600
o
C in the Nabertherm box type furnace. Furnace 
was set at the heating rate of 5
o
C/min., followed by a constant holding time of 1 hour 
was applied for all samples and furnace cooling was carried out for all the cases. All 
experiments starting from hardness mesurements to corrosion test were repeated for 
heat treated coatings. 
 
 
 
 
 
34 
 
        
35 
6.  RESULTS AND DISCUSSION 
6.1 Optimisation of Process Parameters 
In this chapter, we discussed the results obtained with using of different traverse 
speed and number of pass to determine the optimum coating parameters. In that 
respect, we compared the coating thickness, hardness and oxidation behaviour of 
coatings during application. All coatings in this section produced with the feedstock 
which contains 25 vol. % SiC and 75 vol. % Cu. The images of first coating trials in 
macro scale were given in Figure 6.1. The coatings in this figure produced along 12 
mm straight line by using of four different traverse speed (1, 2.5, 5 and 7.5 mm/s) 
and three different number of pass (1, 2 and 4). In this figure, the number of pass 
increases from up to bottom. The colour changes of coatings with decreasing traverse 
speed can be seen from the Figure 6.1. It can be concluded from the colour changes, 
that the oxidation of coatings increases with decreasing of traverse speed and 
increasing number of pass. This result can be explained with the amount of particles 
collided to the same position on the substrate increases with decreasing traverse 
speed and increasing number of pass because of more temperature increase at that 
point and easier oxidation of particles. 
 
Figure 6.1 : Coatings produced at different traverse speeds and number of pass with 
feedstock which contains 25 vol. % SiC+75 vol. % Cu. 
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SEM images were obtained from the cross sections of coatings were given in Figure 
6.2. SEM images revealed that the coatings bonded to the surface of the substrate 
without formation of discontinuity between substrate and coating. Also, highly dense 
(low porosity) structures of coatings can be observed from the SEM images. 
 
Figure 6.2 : SEM images of coatings produced with feedstock which contains 
   25 vol. % SiC+75 vol. % Cu. 
Thickness and hardness values with standard deviations of coatings were 
summarised in Figure 6.3 and 6.4, respectively. The hardness values of coatings 
produced with traverse speed of 7.5 mm/s did not illustrated in Figure 6.4 because 
the thickness of 1 and 2 pass coatings was not sufficient to perform hardness test. 
The coating thickness increases with increasing number of pass at constant traverse 
speed and the higher coating thickness values obtained with lower traverse speed at 
constant number of pass.  
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At the constant traverse speed, coating hardness did not change with increasing 
number of pass. On the other hand, at the constant number of pass, the hardness of 
coatings increases with decreasing traverse speed. This can be clearly indicated at the 
4 pass of all traverse speeds. This condition is explained by the hammering effect of 
silicon carbide particles at lower traverse speeds. The amount of particles collide to 
same position on the surface of the substrate will be higher at lower traverse speed 
and this condition increases the hardness of coatings significantly. 
 
Figure 6.3 : Coating thickness with respect to number of pass and traverse speed. 
According to results obtained from the coatings produced with the feedstock which 
contains 25 vol. % silicon carbide and 75 vol. % copper traverse speed of 2.5 mm/sec 
and 2 pass were chosen as optimum process parameters with respect to the coating 
thickness, hardness and oxidation behaviour during coating applications. For lower 
ceramic content, traverse speed of 2.5 mm/sec. and 2 pass were tried and similar 
results obtained from this coating so that these parameters used for feedstock which 
contains 12.5 vol. % silicon carbide and 87.5 vol. % copper. For pure copper, 
traverse speed of 2.5 and 5 mm/sec. with 2 pass were tried and better results obtained 
from 5 mm/sec., the optimum parameters for pure copper coating was determined as 
5 mm/sec. and 2 pass. Pattern coatings of different feedstock were produced with 
traverse speeds and number of passes which were chosen in this section. 
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Figure 6.4 : Coating hardness with respect to number of pass and traverse speed. 
6.2 Microstructural Examination 
SEM images of coatings produced with parameters given in Table 5.1 were given in 
Table 6.1. Black particles in the coatings represent the silicon carbide particle in the 
structure. All coatings bond to the substrate successfully. No discontinuity was 
observed at the interface, between substrate and coatings. 
For composite coatings, there is no pore in the coating. Also, ceramic particles were 
successfully distributed in the coating. However, for pure copper coating, porosity in 
the coating detected at the SEM image which was shown in Table 6.1. 
The thicknesses of coatings which were measured from the optical microscope 
images of coatings were given in Table 6.2. Coating thickness obtained from pattern 
coating is higher than coating produced along a straight line which was produced 
during the parameter optimisation stage. The reason of that, 60 % of coating width 
overlay to the previous one during the pattern coating. 
The ceramic content in the coatings was determined through the image analyse 
software and the results were given in Table 6.3. The ceramic contents in the 
coatings are not equal to the ceramic contents of feedstock, the difference is very 
high. The deposition efficiency of ceramic particle which was defined as the
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Table 6.1 : SEM images of coatings produced with different feedstock. 
 FEEDSTOCK 
100 % Cu 12.5 vol. % SiC+87.5 vol. % Cu 25 vol. % SiC+75 vol. % Cu 
G
en
er
a
l 
V
ie
w
 
   
In
te
rf
a
ce
 
   
interface 
interface 
Porosity 
40 
Table 6.2 : Thickness of coatings produced with different feedstock. 
Feedstock Coating Thickness (µm) 
100 % Cu 390 
12.5 vol. % SiC + 87.5 vol. % Cu 490 
25 vol. % SiC + 75 vol. % Cu 530 
ratio of the ceramic content in a coating to the ceramic content in feedstock was 
given in Table 6.3. The deposition efficiency is about 25 to 30 %. Similar result was 
obtained by Koivuluoto et al. [41], they obtained 3.3 % ceramic in the coating with 
the feedstock contained 50 vol. % ceramic particles. This poor efficiency arises from 
poor ductility of ceramic particles. In cold spray process coating formation depends 
on the plastic deformation of particles but during this process ceramic particle does 
not deform plastically. They remain in the coating by means of blocking of metal 
particles. Ceramic particles are surrounded by metal particles due to the plastic 
deformation and locked up in the structure so that a lot of portion of ceramic particles 
rebound from the surface of substrate or coating formed previously.  
Table 6.3 : Ceramic content in feedstock and coatings. 
SiC Content in 
the Feedstock 
SiC Content in 
the Coatings 
Deposition  
Efficiency of SiC 
12.5 % 4.10 % 32.8 % 
25 % 6.02 % 24 % 
6.3 X-Ray Diffraction Analysis 
XRD analysis result of coating which contains 6.02 % silicon carbide was given in 
Figure 6.5. XRD analysis results of coatings which contains 4.10 % SiC and 100 % 
copper were given in Figure A1 and A2, respectively. Silicon carbide particles in the 
6.02 % SiC containing composite coating was detected by the XRD analysis which is 
given in Figure 6.6, but silicon carbide particles in the 4.10 % SiC containing 
composite coating cannot be detected probably because of the low percentage of 
silicon carbide in the coating. When we examine the XRD patterns, any intermetallic 
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phases and phase transformation products were not detected on the XRD patterns of 
the coatings. However, slight broadening of the peaks could be observed in the as-
coated specimens and these values given in Table 6.4. This broadening is the result 
of internal stresses caused from the plastic deformation of copper particles as a result 
of the high velocity impact onto the substrate. On the other hand, the peak 
broadening reduced as a result of heat treatment and it reached to the original powder 
values in the 600
o
C heat treated specimens. This reduction arises from the removing 
of internal stresses in the coating with heat treatment by the factor of 
recrystallization. 
 
Figure 6.5 : XRD analysis of coatings which contain 6.02 % SiC and 93.98 % Cu. 
Table 6.4 : FWHM values of XRD patterns. 
FWHM values of XRD Patterns (
o
) 
Heat Treatment Temperature 
 Untreated 300 
o
C 600 
o
C 
Copper Powder 0.07 0.07 0.07 
100 % Cu Coating 0.09 0.07 0.06 
4.10 % SiC+95.9 % Cu Coating 0.14 0.08 0.07 
6.02 % SiC+93.98 % Cu Coating 0.13 0.10 0.06 
20 30 40 50 60 70 80 90 100
2θ 
As Coated 
300oC Heat Treated 
600oC Heat Treated Cu 
Cu Cu Cu 
Copper Powder 
Cu 
6.02 % SiC+93.98 % Cu Coating 
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Figure 6.6 : XRD anaylysis of 6.02 % SiC+ 93.98 % Cu coating. 
6.4 Hardness Measurement 
Hardness values of coatings with respect to the heat treatment temperatures were 
illustrated in Figure 6.7. Hardness of the coatings as coated state was measured 
approximately as twice of the substrate hardness due to severe plastic deformation of 
 
Figure 6.7 : Hardness of coatings with respect to heat treatment temperatures. 
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particles during coating process. Coating hardness did not change significantly with 
small change in the ceramic particle content of the coating. Heat treatment 
dramatically reduced the hardness of coatings and the coating hardness decreased to 
the substrate hardness by the result of heat treatment at 600
o
C. This hardness 
reduction is the result of removing of internal stresses in the coating which was 
proved by the reduction of FWHM values of XRD patterns and cohesion of particles  
and grain growth in the coatings after the heat treatment. Hardness values of as 
coated specimens which were heat treated at 600
o
C overlap but hardness values of 
specimens which were heat treated at 300
o
C shows slight difference. This can be 
explained by the dispersion hardening effect of ceramic particles in the coating.  
6.5 Electrical Conductivity Measurement 
The conductivities of all specimens as coated and heat treated were given in the 
Figure 6.8. Electrical conductivity of coatings increased with heat treatment and the 
highest value was obtained for the pure copper coating but it is still below the 
conductivity of copper substrate. Similar result, was reported in the literature by 
Sudharshan Phani et al. [42] increases in the electrical conductivity of copper and 
copper matrix composite coatings with heat treatment.  
All coatings did not show the same behaviour with increasing heat treatment 
temperature. After the heat treatment at 300
o
C, approximately the same conductivity 
values were obtained from all specimens. However, conductivity of pure copper 
coating and coating which contains lower silicon carbide (4.10 %) increased with 
increasing heat treatment temperature. The conductivity of coating which contains 
higher silicon carbide (6.02 %) remained the same level with increasing heat 
treatment temperature. 
Increasing of conductivity could be explained by the reduction of internal stresses in 
the coating and this was proved by the reduction of FWHM values of XRD patterns 
which was given in Table 6.4. This result also may be related to the increase of 
cohesion between copper particles and between copper and ceramic particles because 
of the sintering effect of heat treatment. The difference in the conductivity of 
coatings after heat treatment at 600 
o
C are related to the increasing ceramic content 
of the coatings which causes the decrease in electrical conductivity.   
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Figure 6.8 : Electrical conductivities of specimens. 
6.6 Wear Test 
Relative wear rates of the coatings were given in Figure 6.9. These results were 
obtained by the ratio of each wear track area of coatings which were calculated from 
the wear track profiles given in Table B.7, B.8 and B.9 to the wear track area of 
untreated higher ceramic containing (6.02 % SiC) composite coating which has the 
highest wear track area. From the relative wear rate, the effect of the higher heat 
treatment temperature is positive for all specimens, except for lower ceramic 
containing (4.10 % SiC) composite coating. Although, the wear rate of 4.10 % 
SiC+95.90 % Cu coating remains the same with the heat treatment at 300
o
C, its wear 
rate decreased with heat treatment at 600
o
C. For all the cases, the increase of ceramic 
particle content in the coating caused an increase in the wear rate. The wear 
performance of pure copper coating and the composite coating containing lower 
amount SiC particles (4.10 % SiC) were better than the substrate wear performance 
and for all the cases, the wear performance of the composite coating containing 
higher amount of SiC particles (6.02 % SiC) was worst between the all coated 
specimens. 
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Figure 6.9 : Relative wear rates of samples. 
SEM images and optical microscope (OM) images of wear tracks were given in 
Table 6.5, B1 and B2. It was understood from the SEM images of wear track 
surfaces of pure copper there is no evidence about the detachment of particles from 
surface and only the scratches along a wear direction was observed, but for the 
composite coating, smearing of copper and detachments of ceramic particles from 
the wear surface can be seen. This result is supported by the fluctuations of wear 
track profiles which illustrate detachment of ceramic particles from the matrix were 
given in Table B.7, B.8 and B.9. Detached ceramic particles from coating cause the 
third body abrasion and increase the wear rate during test. This condition arises from 
the easier detachment of ceramic particle with respect to the copper ones, because the 
adhesion of metal to metal is stronger than metal ceramic adhesion. On the other 
hand, heat treatment improves the adhesion between ceramic and metal particles, and 
also between the metal particles, which causes reduction of the wear rates. Therefore, 
wear track profiles of the heat treated specimens were smoother than the untreated 
specimens observed on SEM images.   
Surfaces of wear tracks were oxidised during wear test that was determined by the 
colour change of copper surface after test. This copper oxide film improves the wear 
resistance of copper due to lubricating effect of oxide on the surface. On the other 
hand, ceramics in the composite coating make difficult the oxide film formation on 
the surface and make the breaking of oxide easier which is understood from the OM 
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Table 6.5 : SEM and OM images of untreated specimens wear tracks. 
 
COATINGS 
100 % Cu 4.10 % SiC+95.90 % Cu 6.02 % SiC+93.98 % Cu 
SEM Images 
   
OM Images 
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images of wear tracks, the surface of pure copper coating was fully coated with oxide 
film, while there was discontinuities in the oxide film of copper phase on the surface 
of composite coatings. This condition explains the increase in wear rate of composite 
coating with respect to pure copper coating. 
During the wear test, 100Cr6 steel ball was abraded which is proved by the OM 
images of wear scar appearances given in Table 6.6, B.3 and B.4 and some of 
removing portion of ball transfer to the coating surface which was detected by EDS 
analysis performed on the wear tracks. Besides, particles remove from the steel ball 
oxidised and adhere to the wear track surface which were shown in OM images in 
the Table 6.5. Ceramic particles in the coating increased the amount of steel ball 
abrasion which can be clearly understood from the difference of wear scar areas in 
the OM images of steel balls. Steel ball wear mechanism is the abrasive because the  
Table 6.6 : Wear scar appearance of 100Cr6 used for untreated specimens. 
Coatings Wear Scar Appearances 
100 % Cu 
 
4.10 % SiC+95.90 % Cu 
 
6.02 % SiC+93.98 % Cu 
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surfaces of balls are clear and the abrasion lines can clearly be seen in the OM 
images. 
Also, the surface oxide film effect was understood from the friction coefficient 
changes during test. These curves can be seen in Table 6.7, B.5 and B.6. For the pure 
copper coating, friction coefficient reduces after the 1000 second which was the 
result of oxide film formation on the surface but for the composite coatings friction 
coefficients remain approximately at the same value during wear tests. The average  
Table 6.7 : Friction coefficient curves of untreated specimens. 
Coating Friction Coefficient Curves 
100 % Cu 
 
4.10 % SiC+95.90 %Cu 
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friction coefficient value for pure copper coating was at the level of 0.6, while for 
composite coatings, these values were higher at the level of 0.7. Fluctuations in 
friction coefficient with time during the wear test of composite coating indicate the 
third body wear mechanism which caused by the detached SiC particles from 
composite coating. 
At the end of the wear track examinations, it is decided that oxidative and adhesive 
wear mechanism occurred on the surface of coatings during the wear test. 
6.7 Corrosion Test 
SEM images of corrosion surfaces of specimens given in Table 6.8. The corrosion 
damage of specimens were different for composite and pure copper coatings. 
Ceramic particles in the structure cause higher damage on the surface of composite 
specimens than that of pure copper coatings. Also, the effect of heat treatment on 
corrosion behaviour was observed on the corrosion surfaces. Heat treatment 
decreases the corrosion damage on all coated specimens shown in Table 6.8. 
Potentiodynamic polarisation tests results grouped with respect to the different heat 
treatment temperatures were illustrated in Figure 6.10. Coatings which have different 
percent of ceramic particles and substrate were given in the same graph for 
comparison. For all cases, the coatings display the similar corrosion behaviour, but 
there is a slight difference between coatings and substrate with respect to the 
corrosion potential and current density. Corrosion potentials of the coatings shifted to 
the lower values while corrosion current densities of coatings at anodic region were 
higher than substrate. These results indicated that coatings corroded easier than 
substrate with higher rates. Moreover, ceramic particles in the coatings did not 
change the corrosion behaviours which can be described by the very low content of 
ceramic particles in the coatings. 
At the cathodic region of potentiodynamic polarisation curves do not show 
characteristic difference for all coatings, for the anodic regime after the oxidation 
peak all coatings and substrate show the passivation between the current density of 
0.1 and 0.01 A/cm
2
.  
On the other hand, there is no significant difference observed on potentiodynamic 
polarisation curves of coatings grouped with respect to composition which given in 
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Table 6.8 : SEM images of corrosion surfaces of specimens. 
SEM Images of Corrosion Surfaces 
 100 % Cu 4.10 % SiC+ 95.90 % Cu 6.02 % SiC + 93.98 % Cu 
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Figure 6.10 : Potentiodynamic polarisation curves of (a) untreated, (b) 300
o
C heat                           
treated and (c) 600
o
C heat treated specimens.
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Figure C.1. Cold work effect cannot be monitored in terms of corrosion potential and 
corrosion current density from these curves. This observation can be decribed with 
the study done by Songbo Yin and D.Y. Li [43]. In this study,  the effect of cold 
work corrosion potential and current density trends of copper in 3.5 % NaCl solution 
changed after 30 % and 50 % deformation, respectively. Corrosion current density 
increases up to the 30% deformation, then it decreases, while up to 50 % deformation 
corrosion potential decreases, then it increases. Moreover, in this study, deformation 
raised up to 80 % and this specimen values did not reach to the original condition, 
annealed state of specimens. However, during cold spray process over 250 % 
deformation occurs for copper particles (this is proved by the study performed by 
Wen-Ya Li et.al.[15]). This ultrahigh deformations may cause this result which 
similar corrosion behaviour of untreated coatings. Additionally, it is understood from 
Figure C.1, at the passivation region of curves, the current density of untreated 
specimen is lower than that of heat treated specimens for some cases which are 100 
% Cu and high ceramic containing (6.02 % SiC) composite coatings. Similar result 
was obtained by Y.H. Yoo et.al.[44].  
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7.  CONCLUSIONS  
In this study, pure copper and silicon carbide reinforced copper matrix composites 
were coated onto the high purity copper substrate by cold gas dynamic spraying 
process. Process parameters were determined at the beginning of the study and 
further all pattern coatings produced with these parameters. To characterise these 
coatings, optical microscope and scanning electron microscope examinations, 
mechanical tests such as hardness measurement and wear test, electrical conductivity 
measurements and corrosion tests were performed on these coatings. Also, heat 
treatment was applied at 300
o
C and 600
o
C to determine the effect of heat treatment 
to the properties of coatings. Results obtained from this study was summarised 
below. 
Microstructural investigations revealed that coatings produced with highly dense 
structure but porosities were detected at a few positions in the pure copper coating 
and there was no discontinuity between coating and substrate interface for all the 
coatings. Moreover, good distribution of silicon carbide particles in the composite 
coatings was observed at the microstructures of composite coatings but the efficiency 
of silicon carbide in this process was low. 
Silicon carbide presence in the coatings was proven only for 6.02 % SiC+93.98 % 
Cu coating by the XRD analysis of coatings.  
Hardness measurements of coatings showed that the hardness of coatings were 
approximately twice of substrate hardness and presence of silicon carbide particles in 
the composite coatings did not significantly affect the coatings hardness. By the 
effect of heat treatment, coating hardness decreased and reached to the substrate 
hardness as a result of heat treatment performed at 600
o
C. 
Electrical conductivity of coatings increased with heat treatment. The highest value 
(42.62 MS/m) was obtained for pure copper coating but it is still below the substrate 
conductivity (55 MS/m).  
Silicon carbide addition was lowered the wear performance of coating. The highest 
wear rates were obtained for the highest ceramic content (6.02 %) coating for all the 
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cases. The wear rates of coatings decreased with increasing heat treatment 
temperature. Wear rates of lower ceramic content (4.10 %) and pure copper coatings 
were lower than that of the high purity copper substrate. The mechanism of wear was 
determined as the combination of adhesive and oxidative wear mechanism for the 
coatings. 
Corrosion performance of the coatings were investigated by the potentiodynamic 
polarisation curves were obtained by the electrochemical test performed in 3.5 % 
NaCl solution. According to the results, all coatings show similar behaviour and their 
corrosion potential and corrosion current density show slight difference with respect 
to the substrate value. 
In conclusion, pure copper coating or composite coating containing of 4.10 % SiC 
which were heat treated at 600
o
C can be produced to improve the surface properties 
of copper with respect to the results of wear test and electrical conductivity 
measurements. 
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APPENDIX A 
 
Figure A.1 : XRD analysis of coating which contains 4.10 % SiC+95.90 % Cu. 
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Figure A.2 : XRD analysis of coating which contains 100 % Cu. 
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APPENDIX B 
Table B.1 : SEM and OM images of 300
o
C heat treated specimens wear tracks. 
 
COATINGS 
100 % Cu 4.10 % SiC+95.90 % Cu 6.02 % SiC+93.98 % Cu 
SEM Images 
   
OM Images 
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Table B.2 : SEM and OM images of 600
o
C heat treated specimens wear tracks. 
 COATINGS 
100 % Cu 4.10 % SiC+95.90 % Cu 6.02 % SiC+93.98 % Cu 
SEM Images 
   
OM Images 
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Table B.3 : Wear scar appearance of 100Cr6 used for specimens heat treated at  
             300
o
C. 
Coatings Wear Scar Appearance 
100 % Cu 
 
4.10 % SiC+95.90 % Cu 
 
6.02 % SiC+93.98 % Cu 
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Table B.4 : Wear scar appearance of 100Cr6 used for specimens heat treated at  
             600
o
C. 
Coatings Wear Scar Appearance 
100 % Cu 
 
4.10 % SiC+95.90 % Cu 
 
6.02 % SiC+93.98 % Cu 
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Table B.5 : Friction coefficient curves of specimens heat treated at 300
o
C. 
Coating Friction Coefficient Curves 
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Table B.6 : Friction coefficient curves of specimens heat treated at 600
o
C. 
Coating Friction Coefficient Curves 
100 % Cu 
 
4.10 % SiC+95.90 %Cu 
 
6.02 % SiC+93.98 %Cu 
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Table B.7 : Wear track profiles of untreated specimens. 
Coating Profiles of Wear Tracks 
100 % Cu 
 
4.10 % SiC+95.90 %Cu 
 
6.02 % SiC+93.98 %Cu 
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Table B.8 : Wear track profiles of specimens heat treated at 300
o
C. 
Coating Profiles of Wear Tracks 
100 % Cu 
 
4.10 % SiC+95.90 %Cu 
 
6.02 % SiC+93.98 %Cu 
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Table B.9 : Wear track profiles of specimens heat treated at 600
o
C. 
Coating Profiles of Wear Tracks 
100 % Cu 
 
4.10 % SiC+95.90 %Cu 
 
6.02 % SiC+93.98 %Cu 
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APPENDIX C 
 
Figure C.1 : Potentiodynamic polarisation curves of (a) 100 % Cu, 
         (b) 4.10 % SiC and (c) 6.02 % SiC specimens. 
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